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http://dx.doi.org/10.1016/j.jds.2013.0Abstract Background/purpose: In order to evaluate properly the effect of different geomet-
ric designs of mini-implants on their mechanical behavior, finite element analysis (FEA) has
long been a popular tool. The aim of the present study was to set up a standardized mechanical
experiment to validate the effectiveness and accuracy of FEA.
Materials and methods: Three commercially available mini-implants, Mondeal, Osstem, and
Bio-Ray were inserted into artificial bone block with homogeneous density to remove the vari-
ability associated with bone. FEA and mechanical tests were performed.
Results: For the bending test, a 7.57% error was found between the mechanical test and FEA.
For relative and maximum displacements, results from FEA were compatible with those from
mechanical tests. The results of the relative displacement from FEA (Mondeal >
Osstem > Bioray) were consistent with those from mechanical tests that Mondeal provided
the greatest mean displacement before failure, followed by Osstem and BioRay. Furthermore,
after simulating a 2-mm cortical bone layer in the FEA test, the pullout resistance increased for
all three mini-implants, yet the variations in between decreased dramatically.
Conclusion: By incorporating FEA with real mechanical trial experiments, results from FEA
have been validated and proved to be effective in studying the stress and strain distribution
of mini-implants subjected to loading. FEA helps to evaluate how geometrical designs of
mini-screws affect their clinical performance and may be useful in future improvement ofentistry, National Taiwan University, Number 1, ChangDe Street, Taipei 10048, Taiwan.
of Mechanical Engineering, National Taipei University of Technology, Number 1, Section 3, Chung-
hoo.com.tw (E.H.-H. Lai), wpchen@ntut.edu.tw (W.-P. Chen).
ually to this work.
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Mechanical properties of temporary anchorage device 69screw designs. Based on our results, we have found that in clinical situations, the cortical bone
layer plays an important role in the stability of the mini-implants.
Copyright ª 2014, Association for Dental Sciences of the Republic of China. Published by Else-
vier Taiwan LLC. All rights reserved.Figure 1 Models of three commercial mini-implants: (A)
BioRay; (B) Osstem; and (C) Mondeal.Introduction
Mini-implant anchorage has gained its popularity in recent
decades for its numerous advantages over traditional me-
chanics, including its versatility, simple treatment me-
chanics, reduction of the total treatment time, and the
more predictable outcome.1 However, despite the advan-
tages mentioned above, practitioners come across adverse
effects as well, including biological damage, inflammation,
pain, and discomfort. Moreover, failures such as implant
loosening, displacement, and breakage occur.2e6
Awide selection ofmini-implants is available at present. As
a result of the increased need, more systems are being
developed and expect to be introduced to the market. It is
important to distinguish between the different designs of the
numerous available devices, because they are not a single
entity. According to recent reports,2 mini-screws have been
gradually removed because of their mobility before or during
orthodontic force application. Thus, understanding which
variables are related to this mobility and improvements of
screw designs are necessary to help resolve the problem. Un-
fortunately, detailed research in this field is still in its infancy.
According to a previous study,7 the average success rate of
mini-implant is about83.8%; far belowthat ofdental implants.
Yet, it has been identified that if we pay attention to refining
the geometrical parameters of the implant design and
achieving greater primary stability, success rate could be
dramatically improved. When it comes to geometric issue,
finite element analysis (FEA) is a useful tool to resolve struc-
tural problems.8 By use of numerical methods, this technique
divides the problem domain into a collection of many smaller
and simpler domains (elements) in which the field variables
can be interpolated with the use of shape functions.
Although FEA has brought many advantages, the disad-
vantages of computer solutions must be kept in mind when
using this and similar methods. FEA does not necessarily
reveal how the stresses are influenced by important vari-
ables such as material properties and geometrical features,
and errors in input data can produce incorrect results that
may be overlooked by the analyst.9
The aim of the present study was to set up standardized
laboratory equipment and procedures to analyze the me-
chanical behavior of mini-implants. Furthermore, the
effectiveness and accuracy of FEA were validated by means
of real mechanical experiments.
Materials and methods
FEA
Generation of FEA models
Three commercially available mini-implants, Mondeal (Mon-
deal Medical Systems GmbH, Tuttlingen, Germany), Osstem
(Osstem Implant Co., Seoul, Korea), and Bio-Ray (Bio-RayBiotech Corp., Taipei, Taiwan) were illustrated using
computer-aided design software “SolidWorks 2005” (Solid-
Works Corp., Concord, MA, USA) imported into MSC.Patran
2005 (MSC Software Corporation, Santa Ana, CA, USA) to
generate a triangulated shell element mesh, and then trans-
ferred to MSC.Marc/Mentat 2007r1 (MSC Software Corpora-
tion) for further FEA (Fig. 1 and Table 1). A cancellous bone
block was modeled around the mini-implant with all threads
imbedded in bone, except the first thread at the top. The
overall dimensionsof this blockwere 20mminheight, 8mm in
mesiodistal length, and 8mm in buccolingual width. Both the
bone and the mini-implant elements were assumed to be
homogeneous, isotropic, and linearly elastic. The Poisson
ratio of titanium alloy and cancellous bone was 0.3, and the
Young’smoduliwere 110,000MPaand1370MPa, respectively.
For simulation of the pullout condition, an additional 2-mm
cortical layer was modeled on the top surface of the cancel-
lous bone block (Young’s modulus 13,700 MPa).
Simulation of the pullout and bending conditions
The axial-loading (pullout) condition was an axial
displacement of 0.01 mm applied to the head of the mini-
Table 1 Parameters of three commercial mini-implants.
Brands External diameter Internal diameter Thread depth Thread pitch Thread length Total length Taper Threadsa
BioRay 2 1.36 0.32 0.75 9.82 15.3 7 3
Mondeal 2 1.2 0.4 1 9.91 11 0 0
Osstem 1.8 1.22 0.29 0.7 9.63 14.24 3 5
a Uppermost threads with the tapered core.
70 Y.-J. Liu et alimplant. The lateral-loading (bending) condition was to
apply a 3-N horizontal traction force on the exposed thread
of the mini-implant parallel to the bone surface. The
boundary condition was full constraint at the bone surface.
The equivalent stress (von Mises) was calculated, and the
stress distributions on the bone and the mini-implant ele-
ments were evaluated.
Mechanical tests
Preparation of test blocks
Test blocks measuring 20 mm in height, 8 mm in mesiodistal
length, and 8 mm in buccolingual width were cut from
synthetic bone material (Sawbones, Pacific Research Lab-
oratories, Vashon Island, WA, USA). A custom-made driving
torque tester was used to insert the three groups of
commercially available mini-implants perpendicularly into
the synthetic bone blocks with a uniform speed of 25
clockwise rotations per minute and a 20-N force. Each mini-
implant was inserted into a test block until all threads
except the last thread on top were fully contained in the
block.
Measurement of insertion torque
During insertion, the torque was measured every 0.1 sec-
onds by using a computer program (QuickDataAcq, SDK
Developer, London, UK). A dial indicator depth gauge sen-
sitive to 0.01 mm was used to measure accurately the
insertion depth of the mini-implants. Among serial values of
the insertion torque, the maximum value was recognized as
the maximum insertion torque.
Bending test
After insertion of the mini-implants into the artificial bone,
the synthetic bone and mini-implant specimens were then
mounted on a testing machine Instron 8511 (Instron Corp.,Figure 2 The strain gauge was used in the bending test to
measure the strain on the surface of the artificial bone.Canton, MA, USA). To validate the results of the FEA, the
BioRay mini-implants were tied with orthodontic wires for
the mechanical bending test. A strain gauge was attached
to the surface of the bone block to measure the strain on
the surface of the artificial bone surrounding the mini-
implant (Fig. 2). The bending test was performed by
applying force perpendicularly to the longitudinal axis of
the mini-implant at the rate of 2 mm per minute until the
force reached 3 N. The maximum value was recorded and
compared with the results of the FEA (Fig. 3).
Pullout test
The three groups of commercially available mini-implants
consisting of five samples in each group were subject to
pullout test. A custom-made fixture allowed pullout testing
to be performed through the longitudinal axis of the mini-
implant at the rate of 5 mm per minute until pullout was
achieved. Pullout loads and displacements were recorded
at 0.02-second intervals by using the computer program
Series IX (Instron Corp.). Pullout strength was defined as
the maximum load attained during testing. Displacement to
failure was defined as the movement in the direction of pull
during the development of the maximum load. Subsequent
movement after maximum load was defined as mini-implant
failure. The boneeimplant interface stiffness for each
mini-implant was defined as the slope of the most linear
part of the loadedisplacement curve before the yield
point.Results
Results from actual bending tests versus FEA
simulation
The mean of the data from the bending tests recorded by
strain-gauge was 145.20 m strain. The result simulated by
FEA was 157.10 m strain (Fig. 4). The error between the
mechanical test and FEA was 7.57%.
Results from actual pullout tests versus FEA
simulation
Themeans and standarddeviations of the values formaximum
insertion torque, pullout strength, and stiffness from me-
chanical tests are shown in Table 2. The maximum insertion
torquewas in the order of Osstem> Bioray>Mondeal. Results
from the pullout testing showed that the Osstemmini-implant
provided the highest average pullout strength followed by
Bioray and Mondeal. The Mondeal mini-implant demonstrated
the greatest mean displacement prior to failure, followed by
Figure 3 The models of mechanical test (A) and FEA (B).
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stiffness was calculated. The BioRaymini-implant showed the
greatest stiffness, followed by Osstem and Mondeal.
In the analysis of resistance to pullout test by FEA, the
BioRay mini-implant showed the greatest pullout resis-
tance, followed by Osstem and Mondeal mini-implantsFigure 4 The result of the ben(Table 3). The stresses distributed mainly near the
cortical bone layer (Fig. 5).
The results of relative displacement from FEA
(Mondeal > Osstem > Bioray) were consistent with those
from mechanical tests that Mondeal provided the greatest
mean displacement prior to failure, followed by Osstem andding test simulated by FEA.
Table 2 Maximum insertion torque, pullout strength, displacement prior to failure, and boneeimplant interface stiffness of
three types of mini-implants.
Maximum insertion
torque (N/cm)
Pullout strength (N) Displacement prior to
failure (mm)
Stiffness (N/mm)
Mondeal 17.86  1.24 95.09  17.19 1.11  0.67 111.69  42.35
Osstem 26.19  1.36 138.15  9.87 0.72  0.7 212.63  34.85
BioRay 21.39  0.49 102.9  12.8 0.56  0.09 329.31  76.03
Table 3 Maximum values of Von Mises equivalent stress and displacement on the thread and bone elements of the lateral-
loading models and the pullout resistance of the axial-loading models for the different commercial mini-implants, with rela-
tive displacements calculated as differences between maximum displacement of thread and bone elements.
Maximum stress (MPa) Maximum displacement (mm) Relative displacement
(mm)
Pullout resistance
(N)Mini-implant thread Bone Mini-implant thread Bone
Mondeal 12.84 5.33 296 3.01 292.99 165.7
Osstem 7.44 5.04 277.8 20.62 257.18 170.7
BioRay 8.16 5.13 251.51 17.9 233.61 185.5
72 Y.-J. Liu et alBioRay (Table 3). In addition, the results of maximum
displacement in bone from FEA (Osstem> Bioray>Mondeal)
were also consistent with those from mechanical tests that
Osstem provided the highest maximum insertion torque and
pullout strength, followed by Bioray and Mondeal.Discussion
The present study was undertaken to validate directly the
FEA data with mechanical experiments and compare
various mechanical properties of three commercially
available mini-implants, Mondeal, Osstem, and Bio-Ray.
Direct intraoral measurement of stresses and strains ofFigure 5 Von Mises equivalent stress distributiothe mini-implants is impractical. The stresses are likely to
be complex and there is difficulty in placing measuring
devices such as strain gauges intraorally. FEA is a purely
numerical method that provides a noninvasive way to
assess the mechanical properties of mini-implants. With
powerful computer processes, FEA has become more
accessible and has gained its popularity in addressing
questions about relationships between geometry and
function. However, FEA can only be successful if certain
conditions are satisfied. We have to keep in mind that
either modeling geometry, material properties, boundary
conditions, or the boneeimplant interface affects the
outcome.8 As a result, before extensive use of this tool,
we set up a standardized mechanical experiment to verifyn of analysis of the resistance to pullout test.
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conditions.10
In this study, in the lateral-loading (bending) test, stress
and strain distributions were examined by FEA, and strains
on the surface of the artificial bone were validated by
strain-gauge measurements. The mean of the data from the
bending tests recorded by strain-gauge was 145.20 m strain.
The result simulated by FEA was 157.10 m strain. The error
between the mechanical test and FEA was 7.57%. There-
fore, we demonstrated that the FEA data showed good
qualitative and quantitative correspondence with strain-
gauge data.11
After validation of the accuracy of FEA, we then exam-
ined the influences of different screw designs (using 3
different commercially available mini-implants) on the
stability of mini-implants using pullout tests. In the axial-
loading (pullout) test, the results of relative displacement
from FEA were consistent with those from the mechanical
test that Mondeal provided the greatest mean displacement
prior to failure, followed by Osstem and BioRay. However,
in the pullout resistance, FEA and the mechanical test
revealed different results. In FEA, the resistance of BioRay
(185.5 N) was the greatest, followed by Osstem (170.7 N)
and Mondeal (165.7 N). On the contrary, the mechanical
tests revealed that Osstem (138.15 N) showed greatest
resistance followed by BioRay (102.9 N) and Mondeal
(95.09 N). The different results between FEA and the me-
chanical tests may have been due to the circumstances that
a 2-mm cortical bone layer was simulated in the FEA but not
in the mechanical test. With the existence of this 2-mm
cortical bone layer, the pullout resistance dramatically
increased for all three mini-implants. Besides, the varia-
tions among the individuals were obviously smaller. Closely
evaluating the stress distribution in FEA during the pullout
test, we found that stress was concentrated near the
cortical bone layer. Therefore, we conclude that the
cortical bone layer plays an important role in pullout
resistance and may be a critical factor in the primary sta-
bility of mini-implants.
Primary stability is considered to be the major factor in
mini-implant success.12 However, in the present study, all
three commercially available mini-implants had different
external diameters, internal diameters, thread depths, and
thread pitches, so we could not roughly jump to the
conclusion that the specific variability was the key. In the
present study, an 82.6 N increase of pullout resistance for
BioRay, 70.61 N for Mondeal and 32.55 N for Osstem was
found after simulation of a 2-mm cortical bone layer over
the bone block. The difference in the increase of pullout
resistance could be partially explained by the different
geometric designs. In addition to the existence of a cortical
bone layer, different implant designs might also play an
important role in the variations in pullout resistance.
In the future study, custom manufactured materials with
well controlled variables will further validate the specific
key points in affecting success rate. Our future goal is to
achieve good primary stability of mini-implants in bone on
one hand and to prevent implant fractures on the other
hand. Furthermore, we are looking forward to achievingmore realistic models and advanced digital imaging tech-
niques to model bone geometry in greater detail. The
anisotropic and non homogeneous nature of the material
needs to be considered and the boundary conditions must
be refined. With this advancement, improvements in
implant designs will be achieved in the near future.
Conflicts of interest
The authors have no conflicts of interest relevant to this
article.
Acknowledgments
This work was supported by grants NSC 98-2314-B-002-075
and NSC 101-2314-B-002-108 from the National Science
Council, Taiwan and 101-M1954 from the National Taiwan
University Hospital, Taiwan.
References
1. Baumgaertel S, Razavi MR, Hans MG. Mini-implant anchorage
for the orthodontic practitioner. Am J Orthod Dentofacial
Orthop 2008;133:621e7.
2. Miyawaki S, Koyama I, Inoue M, Mishima K, Sugahara T, Takano-
Yamamoto T. Factors associated with the stability of titanium
screws placed in the posterior region for orthodontic
anchorage. Am J Orthod Dentofacial Orthop 2003;124:373e8.
3. Wiechmann D, Meyer U, Bu¨chter A. Success rate of mini- and
micro-implants used for orthodontic anchorage: a prospective
clinical study. Clin Oral Impl Res 2007;18:263e7.
4. Motoyoshi M, Matsuoka M, Shimizu N. Application of ortho-
dontic mini-implants in adolescents. Int J Oral Maxillofac Surg
2007;36:695e9.
5. Motoyoshi M, Yoshida T, Ono A, Shimizu N. Effect of cortical
bone thickness and implant placement torque on stability of
orthodontic mini-implants. Int J Oral Maxillofac Surg 2007;22:
779e84.
6. Park HS, Jeong SH, Kwon OW. Factors affecting the clinical
success of screw implants used as orthodontic anchorage. Am J
Orthod Dentofacial Orthop 2006;130:18e25.
7. Crismani AG, Bertl MH, Celar AG, Bantleon H-P, Burstone CJ.
Miniscrews in orthodontic treatment: review and analysis of
published clinical trials. Am J Orthod Dentofacial Orthop 2010;
137:108e13.
8. Geng JP, Tan KBC, Liu GR. Application of finite element anal-
ysis in implant dentistry: A review of the literature. J Prosthet
Dent 2001;85:585e98.
9. Szabo BA, Babuska I, eds. Finite Element Analysis, 1st ed. New
York, USA: Wiley, 1991.
10. Chang JZC, Chen YJ, Tung YY, et al. Effects of thread depth,
taper shape, and taper length on the mechanical properties of
mini-implants. Am J Orthod Dentofacial Orthop 2012;141:
279e88.
11. Lertchirakarn V, Palamara JEA, Messer HH. Finite element
analysis and strain-gauge studies of vertical root fracture. J
Endod 2003;29:529e34.
12. Wilmes B, Rademacher C, Olthoff G, Drescher D. Parameters
affecting primary stability of orthodontic mini-implants. J
Orofac Orthop/Fortschritte der Kieferorthopadie 2006;67:
162e74.
